Abstract. Pelagic crustacean zooplankton were collected from 336 Norwegian lakes covering a wide range of latitude, altitude, lake area, mean depth, production (as chlorophyll a), and fish community structure. Mean zooplankton species richness during the ice-free season was generally low at high latitudes and altitudes. Further, lower species richness was recorded in western lakes, possibly reflecting constraints on migration and dispersal. However, despite obvious spatial limitations, geographic boundaries were only weak predictors of mean zooplankton richness. Similarly, lake surface area did not contribute positively to mean richness such as seen in other ecosystem surveys. Rather, intrinsic factors such as primary production and fish community (planktivore) structure were identified by regression analysis as the major predictors of zooplankton diversity, while a positive correlation was observed between species richness and total zooplankton biomass. However, in spite of a large number of variables included in this study, the predictive power of multiple regression models was modest (Ͻ50% variance explained), pointing to a major role for within-lake properties, as yet unidentified intrinsic forces, stochasticity, or dispersal as constraints on zooplankton diversity in these lakes.
INTRODUCTION
Although the distribution of biodiversity across the Earth can be described in terms of a relatively small number of spatial patterns such as latitude, altitude, or habitat size, understanding how these extrinsic drivers influence diversity remains one of the most significant intellectual challenges to ecologists and biogeographers (Gaston 2000) . A large number of studies, covering a wide variety of ecosystems and organisms, suggest that species richness tends to vary strongly with ecosystem production and habitat heterogeneity (Rosenzweig 1995) . However, as habitat heterogeneity also can co-vary with production, the role of niche diversity per se may not be separated easily from other causal factors. As pointed out by Hutchinson (1959) and many others, studies of plankton diversity are particularly intriguing because both autotrophs and heterotrophs are thought to share a fairly homogenous habitat within the pelagic zone. Most herbivorous, pelagic metazoans also share a restricted size range of food, and many of the key cladoceran grazers feed rather nonselectively on phytoplankton and other sestonic particles. Hence, niche differentiation should be modest, at least among truly pelagic species in large water bodies. 5 E-mail: dag.hessen@bio.uio.no After decades of research, there is still no consensus on the specific shape of the relationship between production and diversity (Chase and Ryberg 2004) . This function sometimes increases monotonically (Browne 1981 , Currie 1991 , Rosenzweig 1995 , Mittelbach et al. 2001 , although a concurve downwards function with maximum consumer diversity occurring at medium production is also commonly observed (Waide et al. 1999 , Dodson et al. 2000 , Gatson 2000 , Irigolen et al. 2004 ). Chase and Leibold (2002) have suggested that such discrepancies in response could be attributed to variations in the spatial scale of study. For example, both autotroph and consumer richness in ponds may exhibit a unimodal relationship to production at a local scale (among ponds), while at a regional scale (among watersheds), species richness increases linearly with production. Thus the unimodal relationship between species number and production reported in several lake and pond surveys (Leibold 1999 , Dodson et al. 2000 could be due, in part, to a limited geographical range of their studied localities (cf. Chase and Leibold 2002) or to variations in inter-system connectivity and metacommunity structure (Chase and Ryberg 2004) .
While the bottom-up effects of primary production on diversity have been well explored, there have been relatively few studies of predator (top-down) effects on species diversity (reviewed in Proulx and Mazumder 1998) . While it has been well documented that the removal of competitively superior species by predation may reduce competition and thus promote species coexistence (Paine 1966 , the extent to which predation may promote zooplankton diversity is uncertain. For example, although Mittelbach et al. (2004) found experimental evidence for increased resource availability per consumer under intense predation regimes, these increases did not affect either species richness or species evenness. In addition, other richness-independent abiotic parameters such as disturbance (Hutchinson 1959 , Connell 1978 , Flö der and Sommer 1999 and lake size (Browne 1981 , Fryer 1985 , Dodson 1992 , O'Brien et al. 2004 can also influence aquatic species diversity. Further, because both biotic and abiotic controls may vary in intensity along geographic gradients such as altitude and latitude, species richness may exhibit strong biogeographical patterns of occurrence, although this factor has rarely been explored.
We address these issues in this study by analyzing spatial patterns of pelagic crustacean species diversity in 336 Norwegian lakes covering a wide span in geographical range, latitude and altitude, lake size, production, and fish community composition. We hypothesized that there would be opposing effects on species diversity of lake production and predation by planktivorous fishes, as found elsewhere (Worm et al. 2002 , Hillebrand 2003 . Given the strong bias towards nutrient-poor lakes in this study, we expected that species richness should exhibit a unimodal relationship with production. Further, because of strong spatial gradients of lake elevation and climate, we anticipated that species richness should exhibit strong biogeographic boundaries. Specifically, we expected a strong negative correlation between species diversity and both altitude and latitude, due to a combination of decreased lake temperature, shorter growth season and, potentially, reduced dispersal ability.
MATERIALS AND METHODS

Study sites
This research was based on a large survey of Norwegian lakes (Hessen et al. 1995 , wherein data from an initial pool of 400 lakes were collected at least four times during the ice-free season (May-September). However, some lakes were not included in the final analysis, either because of incomplete information of fish community composition (60), high salinity (three), or extremely high levels of P and mineral turbidity (one). Of the 336 remaining lakes, most sites (87%) were sampled for two or three years, 44 lakes for four years, and only five lakes for five or six years.
Overall, study lakes represented a range of trophic status from oligotrophy to eutrophy (total phosphorus, TP, 1.4-655 g/L), although most sites fell below 15 g TP/L. Although the lakes spanned a surface area from 0.06 to 210 km 2 , the survey also included the 20 largest Norwegian lakes, while 94% of the lakes had a surface area Ͼ1 km 2 (average 7.7 km 2 ). The lakes were located at latitudes from ranging 65Њ N to 77Њ N and from sea level to 1058 m above sea level (asl). Acidic lakes (pH Ͻ 5.5) were avoided, as were three seawater-influenced lakes such that there were no sites with conductivity Ͼ50 mS/m. While the majority of catchments were dominated by coniferous forest, human impacts were evident at most sites, with the highest levels of P and N recorded in lakes associated with agricultural activities. We obtained average temperatures from May through September for 184 lakes covering the entire longitudinal gradient and for which meteorological data were available from nearby monitoring stations. All these lakes were situated Ͻ250 m asl.
All water-column sampling was performed with a 10-L, clear, flexible hose with an internal diameter of 10 cm. Integrated samples were taken from the trophogenic zone, defined as twice the Secchi disc transparency of the lake. Overall, mean sampling depth was ϳ10 m. Total phosphorus, chlorophyll a (chl a), and phytoplankton biovolume were analyzed from integrated samples. TP was quantified using a flow injection autoanalyzer (FIAstar 5020 Analyzer, Tecator AB, Sweden) after persulfate digestion, whereas chl a was measured spectrophotometrically after acetone extraction. TP, chl a, and phytoplankton biovolume were highly correlated (r 2 Ͼ 0.7, P Ͻ 0.0001); however, owing to the problems with adequate counting of picoplankton by the Utermö hl techniques, we used chl a as a proxy for lake production (cf. Smith 1979) .
Zooplankton methods
All species and stages of pelagic crustaceans were isolated from a 10-L pooled sample from the trophogenic zone that had been concentrated onto 45-m mesh netting. Rotifer numbers and biomass were analyzed from the same sample, but complete species identifications were not performed for this group and the species richness values reported in this study do not include rotifers and unicellular heterotrophs. On average, rotifer biomass contributed only ϳ10% of total metazoan biomass.
Species diversity in each lake was estimated as the grand mean of richness recorded on all sampling dates across all years to avoid potential bias caused by variations in sampling intensity (cf. Arnott et al. 1998, Gotelli and Colwell 2001) . Since species turnover is expected during ecologically relevant time scales, and because transient taxa may also occur in single samples, we believe this average of multiple samples provides a more robust representation of species diversity than do single observations or cumulative species lists. This approach also minimizes problems associated with unequal sampling periods and frequencies, even though the majority of lakes were sampled uniformly on four occasions during a single season. This metric is equivalent to species density as defined by Gotelli and Col-well (2001) and is always lower than estimates of maximum summer richness or cumulative richness, or those based on studies in which benthic sampling is also included. However, because sampling of euphotic species richness was based on the same depth intervals as those for estimates of lake production (TP, chl a), such restricted estimate of diversity should facilitate identification of mechanisms regulating overall species richness.
The taxonomic identities of some zooplankton remained incompletely resolved. For example, within Daphnia group, D. longispina s. str. were grouped with D. rosea and alpine D. umbra, two unique taxa recently identified by analysis of mitochondrial DNA and nuclear markers (Hobaek 2005) . Also some Daphnia species (e.g., D. galeata) can hybridize with other daphnids (Schwenk et al. 2000 , Hobaek et al. 2004 , rendering definitive taxonomic identification problematic. Although genetic screening will likely reveal further taxonomic revisions, such problems should not bias our ability to identify the presence of substantial gradients of species diversity because all samples were collected and enumerated using the same protocol.
Zooplankton biomass was determined from empirical regressions relating body morphology to dry mass for copepods and cladocerans (Dumont et al. 1975 , Bottrell et al. 1976 . In contrast, a fixed mean mass was assumed for each rotifer species, as well as for immature calanoid and cyclopoid nauplii. For all cladocerans and advanced stages of copepods, total body length was measured either for all individuals present in the sample or for a representative subsample of more than 20 individuals in case of large numbers.
Estimates of fish species composition were classified based on reports, questionnaires, or local catch data. Four functional community classes were identified, representing a gradient of increasing predation pressure on zooplankton (cf. Hessen et al. 1995) : class 1 lakes contained only brown trout (Salmo trutta) (n ϭ 43); class 2 lakes contained Arctic char (Salvelinus alpinus) or perch (Perca fluviatilis) as dominant species (n ϭ 100); class 3 lakes contained whitefish (Coregonus lavaretus) or stickleback (Gasterosteus aculeatus) as dominant species (n ϭ 106); and class 4 communities were composed mainly of cyprinids with roach (Rutilus rutilus), bleak (Alburnus alburnus), rudd (Scardinius erythrophthalmus), or dace (Leuciscus leuciscus) (n ϭ 65). In general, these classifications also corresponded to a gradient of lake production, from oligotrophic lakes (classes 1 and 2), to mesotrophic (class 3) and eutrophic lakes (class 4). Reliable data on fish biomass was available for a few lakes only, and thus not included in this analysis.
Statistical methods
Covaration and multicollinearity are notorious problems in multifactor ecosystem studies (Graham 2003) . In particular, significant positive correlations are common large data sets, although relations among parameters may have very low explanatory power. We used three approaches to reduce the problem of collinearity. First, we avoided comparisons of obvious covariates such as chl a and TP as indices of primary production. Second, we used principal components analysis (PCA) to identify independent predictors of species richness. Finally, PCA results were applied to multiple linear regression models to possible redundancy among environmental predictors of species richness.
Principal component analysis was performed on the set of 15 predictor variables following ter Prentice (1988) using CANOCO v. 4.5 (ter Braak and Smilauer 2002) . PCA was run on a correlation matrix of centered, standardized and transformed variables using correlation biplot scaling of PCA axes. Species richness variables were added by passive ordination to identify possible relationships between diversity and lake characteristics. Skewness and kurtosis were standardized for all predictor variables by dividing by their expected deviations, estimateds (6/n) 0.5 (Sokal and Rohlf 1995) . Homogeneity of variance (homoscedasticity) was achieved by transforming all variables to zero skewness. Three transformations were applied (Økland et al. 2001) :
where x kj is the original value of variable k in plot j and c k is a variable specific parameter that gives the transformed variable YЈ ϭ zero skewness. The {yЈ } kj first transformation is applied to left-skewed variables (standardized skewness Ͻ 0), the next equation to rightskewed variables. The last transformation was applied to right-skewed variables for which no c k could be found by the middle equation that resulted in standardized skewness ϭ 0. After transformation, all variables YЈ were ranged to obtain new variables Y ϭ {y kj } on a 0-1 scale:
Least-squares linear regressions were performed between the mean species richness of zooplankton crustaceans and the major candidate independent variables as judged from preliminary PCA. Predictors used in a full-model regression analysis included lake altitude, latitude and longitude, surface area, maximum depth, area:maximum depth ratio, lake production (chl a), calcium ion concentration, and lake color. However, based on evidence of collinearity from PCA, a multiple linear regression model was run also using only latitude, altitude, lake area, maximum depth, chlorophyll a concentration, calcium concentration, and fish community class as independent variables. Both backward and forward selection procedure were used to add (P ϭ 0.25) Ecology, Vol. 87 or remove (P ϭ 0.1) to regression models, although there was no difference in final model selected. Finally, we performed separate linear regressions of species richness against all individual parameters to test for effects of single parameters separately. Parameters with nonnormal distributions were log 10 transformed, whereas fish community structure was analyzed as a categorical variable. Because fish class 4 did not occur north of 65Њ N and rarely in lakes above 300 m altitude, we also performed a test for a subset of the lakes where high altitude (Ͼ300 m above mean sea level) and northern lakes (Ͼ65Њ N) were excluded from the analysis (245 lakes remaining). All regression analyses were performed with JMP 5.1 (SAS Institute, Cary, North Carolina, USA).
RESULTS
Abiotic factors
The lakes analyzed in this study spanned a wide range of altitudes (from 1 m to ϳ1100 m asl) and latitudes (58.1-70.7Њ N). Lakes at low altitudes and latitudes exhibited a wide range of zooplankton species richness, while alpine and subarctic lakes usually contained fewer than eight species (Fig. 1) . However, owing to strong variability in species richness in lakes at low altitudes and latitudes, there were no significant effects of these two geographic parameters on diversity, regardless of whether northern and high-altitude lakes were included in the analysis. For lowland areas (Ͻ250 m) the average summer temperature reflected the latitudinal decline in irradiation (Fig. 1D) .
Zooplankton species richness also exhibited a longitudinal pattern within central Norway, with comparatively low diversity in western lakes located between 59 and 61Њ N (Fig. 1C) . To some extent this pattern reflects the general topography of Norway, where alpine areas occur primarily between 6 and 8Њ E. However, the low number of crustacean zooplankton species in western low-latitude lakes was striking when compared with similar boreal lakes in eastern regions.
Somewhat surprisingly, species richness was inversely correlated both with lake surface area (r 2 ϭ 0.04, F 1, 347 ϭ 13.9, P Ͻ 0.001), and with lake maximum depth (r 2 ϭ 0.11, F 1, 319 ϭ 39.5, P Ͻ 0.0001), but not with surface area:maximum depth ratios (r 2 ϭ 0.003, P ϭ 0.3) (Fig. 2, Table 1 ). There was no significant correlation between lake area and altitude or latitude, suggesting that the slight negative effect of lake area Note: Parameters with highly skewed distributions were log 10 -transformed.
cannot be attributed to variation in these two parameters. In support of this view there were no significant interaction between lake area and altitude (P ϭ 0.07) or area and latitude (P ϭ 0.30) in the multiple regression analyses.
Biotic factors
There was a weak tendency for production (as TP or chl a) to decline with increasing latitude and altitude. Instead, we recorded an unexpected but significant negative correlation between chl a and lake area (Table 1) . In general, concentrations of chl a differed significantly among fish classes (P Ͻ 0.05, pairwise t test), while fish class 4 was significantly less abundant at high altitudes and latitudes.
Zooplankton species richness was positively correlated with production as measured by chl a (P Ͻ 0.001; Table 1 and Fig. 3 ). Regression analyses also revealed a positive correlation between zooplankton richness and total zooplankton biomass (Table 1 and Fig. 4 ), in part reflecting the fact that zooplankton biomass was positively correlated with chl a. Multiple regression analysis of diversity revealed that species richness was positively correlated with both zooplankton mass and chl a (P Ͻ 0.0001), although there was no significant interaction among predictors (P ϭ 0.17). When applying the fish community categories as nominal variables, there was a significant effect of fish community composition on species richness, with higher richness of total species and cladocerans in fish class 4, the category assumed to represent the greatest predation pressure by vertebrate zooplanktivores (Fig. 4) .
Principal component analysis
The first (PCA1) and second (PCA2) axes were both significant and explained 32.5% and 18.6% of observed variance in environmental variables, respectively (Fig.  5) . Chl a, TP, and total nitrogen (TN) exhibited high positive loadings on PCA1, while lake depth and area were negatively correlated with this axis. Consequently, PCA1 can be interpreted as a gradient of production that increased as lake depth, area, altitude, and latitude declined. In contrast, fish community structure (as functional classes) was strongly correlated with PCA2, increasing as latitude declined. Thus, the second axis records mainly a gradient in fish composition, largely independent from lake production (chl a). Thus, when Ecology, Vol. 87, No. 2 FIG. 3 . Mean species richness of crustacean zooplankton vs. chlorophyll a; the least-squares regression line is shown. species richness variables were added passively to the PCA ordination, zooplankton diversity appeared to be strongly related to PCA1, the main gradient of lake production. However, slight differences in ordination between copepods and cladocerans suggest that the latter are also influenced by fish community structure. In general, species richness variables were negative correlated with latitude and lake depth, area, and altitude.
Multiple linear regression
Based results of PCA ordinations (Fig. 5) , altitude, latitude, longitude, chl a, zooplankton biomass, and fish community structure were selected as initial input parameters for the multiple linear regression model. However, only zooplankton biomass remained as a significant predictor in a model that explained 49% of the variability (P Ͻ 0.0001) in mean crustacean species richness (Table 2) . Further, because zooplankton biomass was strongly correlated to lake production, a second analysis was conducted without zooplankton biomass to remove the collinearity between zooplankton mass and diversity. In this case, chl a (P Ͻ 0.0001) and fish community composition (P ϭ 0.042) were retained as significant predictors of mean zooplankton richness, while R 2 was reduced to 0.39. In addition, there was no significant chl a ϫ fish interaction in the modified model, suggesting independent contributions from both production and fish. As expected, simple linear regression analysis revealed that mean cladoceran species richness was correlated to both chl a and fish community structure (P Ͻ 0.001), whereas lake production alone contributed to copepod diversity and chl a ϫ fish interactions were not significant for either group. Finally, regression models for the 245 lakes that excluded northern (Ͼ65Њ N) and high elevation sites (Ͼ300 m asl) explained 43% (P Ͻ 0.0001) of species richness when zooplankton biomass was excluded from analysis (Table 3) . Again, chl a was as a strong predictor (P Ͻ 0.001) of zooplankton diversity, although fish community composition did not contribute significantly in this subset.
DISCUSSION
Landscape patterns of diversity
Analysis of this large number of Norwegian lakes revealed that mean zooplankton species richness was constrained by variations in lake latitude and altitude, i.e., high latitude and altitude lakes had always low richness. Longitudinal boundaries on richness were most pronounced in central Norway, where eastern lakes had higher species richness than western lowlands areas, with very low richness in the mountain ridges that separates the eastern and western localities. However, despite these obvious boundaries, geographic parameters were poor predictors of absolute richness, since low altitude and latitude lakes spanned the entire large of zooplankton diversity (Fig. 1) . Instead, other extrinsic variables such as solar irradiation, temperature, and length of growing season may have influenced the species richness of pelagic cladocerans (e.g., Fig.  1D ). In addition, these geographical variables may also correspond to migration barriers and colonization constraints.
It is difficult to distinguish among immigration, climate or other spatially structured constraints as causes of geographic patterns in richness. The fact that most zooplankton have wide geographical distribution and moderate to good colonization abilities (Shurin 2000 , Jensen et al. 2001 , combined with long period for colonization since the last period of glaciation (ϳ8000 yr), suggests that the relatively low diversity observed in western lakes (65% relative to eastern sites) arises from some biological controls of diversity, rather than on the inability of species to reach potential habitats (Havel and Shurin 2004) . There are no clear biological or physical properties of these lakes that should make them less suitable for colonization; in fact, the mild western coastal climate should actually be expected to promote successful colonization.
Since immigration of most freshwater species has been westwards and northwards from continental Europe since the end of the last glaciation (Refseth et al. 1998 , Hewitt 2000 , Hobaek et al. 2002 , observed geographic pattern of species richness suggest that western and northern regions may not yet be saturated with species. Independent analysis of individual species (not shown) demonstrates that there were two major patterns of species distribution. First, some species exhibit a very pronounced geographically constrained distribution, consistent with either low dispersal abilities, climatic constraints, or competitive exclusion. In contrast, other species were broadly represented in all major geographic regions, with presence or absence in specific lakes apparently regulated by intrinsic lake-specific parameters like production, predation, or competition. This suggests that the species that are most clearly geographically constrained are those with low dispersal rates and colonization abilities, which again suggest that the neutral theory of biodiversity (Hubbel 2001) might have a species-specific relevance.
Species richness and lake area
Species richness often increases with ecosystem size (Gaston 2000) or lake area (Browne 1981 , Fryer 1985 , Dodson 1992 , Dodson et al. 2000 , O'Brien et al. 2004 ); however, this pattern was not recorded in our survey. Instead, a weak negative correlation of richness with lake size was observed (Fig. 2) , possibly due to the fact that both lake area and maximum depth were also negatively correlated with chl a (r 2 ϭ 0.29 and 0.44, respectively). This latter observation suggests that lake production, rather than ecosystem morphometry per se, was the primary cause for negative correlations between species richness and lake size. In addition, negative correlations between lake size and zooplankton diversity may arise because sampling of small and shallow lakes will be more likely to include taxa from benthic or littoral habitats, unlike the case in very deep lakes.
The absence of significant positive relationships between zooplankton species richness and lake size did not arise from biased lake selection. For example, there was no positive effect of lake size on mean species richness even after correcting for lake production or when testing within selected subsets of lakes (e.g., only within lowland, oligotrophic, or southern lakes). Further, these patterns are supported by analysis of an independent lake survey in which richness estimates were based on standard net hauls of zooplankton from 1500 northern lakes (B. Walseng, G. Halvorsen, and D. O. Hessen, unpublished manuscript) . Once again, there was no significant correlation between lake area and zooplankton species richness.
Exceptions to a general richness-area relationship further suggest that Norwegian lakes are not yet saturated with species (i.e., not in ''equilibrium''), either due to constraints on colonization, or because of the presence of local properties that override any habitatsize effect (Whittaker et al. 2001) . While both colonization constraints and intrinsic factors may influence zooplankton species richness, the large variability in diversity among sites, even within a fairly homogenous geographical region like southeastern Norway, indeed points to a dominant role for local or intrinsic factors.
Role of lake production
For most temperate lakes, phosphorus availability is the major determinant of primary production, algal biomass and, presumably, zooplankton species diversity. Such patterns have been recorded by Dodson et al. (2000) for other temperate lakes and are supported by our finding that mean crustacean richness was strongly correlated to both TP and chl a. Our study also revealed a positive correlation between chl a, crustacean zooplankton richness, and total zooplankton biomass, consistent with bottom-up (production) regulation of food web processes. These production-diversity relationships were observed both for total species richness, as well as for independent analysis of either copepods or cladocerans. Because these two taxonomic groups made up an average of ϳ90% of total planktonic metazoan biomass in our survey lakes, we infer that the strong correlation of mean crustacean species richness and lake production likely holds for other members of the invertebrate community (e.g., rotifers).
Our study did not identify the unimodal relationship between species richness and lake production sometimes recorded in previous studies (Dodson 2000 , Jeppesen et al. 2003 , instead revealing linear increases in richness with chl a. However, because most Norwegian lakes are oligotrophic, with relatively few highly eutrophic sites, there may have been insufficient variability in lake production to clearly identify the presence of nonlinear responses of species richness that probably would have occurred by including a number of more P-rich lakes. In general, positive relationships between lake productivity and mean zooplankton diversity can arise because increased energy availability for consumers and higher food web complexity can allow more species to coexist (Gaston 2000) . Alternately, increased autotroph diversity both in larger and in more nutrient-rich water bodies (Smith et al. 2005) may also offer a richer food niche complexity for consumers. Consistent with this view, parallel analysis of DETERMINANTS OF ZOOPLANKTON DIVERSITY FIG. 6. Box plots of (A) mean zooplankton richness, (B) mean cladoceran richness, and (C) mean copepod richness. Results of pairwise comparisons (t test) between groups are shown; groups sharing the same lowercase letter are not significantly different from each other (P Ͻ 0.01). The long horizontal line is the median of all observations, lines within boxes are the medians of the category, the bottoms and tops of the boxes represent 25th and 75th percentiles, and extensions of lines are 10th and 90th percentiles. Width of boxes reflects relative sample size. Comparison circles for Student's t test in the right-hand panels indicate significant differences between pairs of samples when the area of intersection between circles is less than 10%. See Materials and methods: Zooplankton methods for descriptions of each class.
algal diversity in our study lakes revealed higher phytoplankton richness and variability in nutrient rich lakes (D. Hessen, unpublished data) .
Although zooplankton biomass was strongly correlated both with productivity (chl a) and zooplankton richness (P Ͻ 0.0001), we infer that diversity increased mainly as a function of production because there was no strict dependency between biomass and species richness (Fig. 3) . For example, fishless water bodies like many of the Arctic ponds and lakes at high latitudes and altitudes may have very high densities that are almost monocultures of Daphnia species (Hessen et al. 2004) . In these cases, total zooplankton biomass is clearly unrelated to species richness, although further research will be required to establish how this relationship will be modified by presence of vertebrate planktivores.
Role of fish predation
Several lines of evidence suggest that the positive effect of lake production on crustacean species richness may also have been influenced by variability in fish community composition. First, lakes within fish class 4 had significantly higher zooplankton species richness than those in the other three fish categories (Fig. 6) . Fish communities within class 4 were composed mainly of planktivorous cyprinids, presumably leading to elevated predation intensity and possibly greater release of zooplankton from negative competitive interactions. Second, while class 4 lakes tended to be more productive than other sites, the positive influence of fish community structure on richness remained even following exclusion of lakes with chl a Ͼ 10 g/L. Finally, effects of fish on zooplankton species richness were evident only in factorial regression models that included class 4 lakes; fish effects were nonsignificant in the 245 lowland lakes remaining after exclusion of class 4 sites, while fish had no influence on total zooplankton biomass. Taken together, these patterns suggest that elevated zooplanktivory by fish in class 4 lakes increased mean crustacean species richness.
Zooplankton biomass did not differ significantly among the four fish community categories, even though a strong effect of fish on zooplankton species composition and body size distribution have previously been identified previously in class 4 lakes (Hessen et al. 1995) . According to food web theory, large-bodied and competitively superior herbivores such as large Daphnia would be expected to have been suppressed by intense vertebrate zooplanktivory, possibly leading to compensatory or indirect food-web responses (cf. .
In summary, by including a large number of lakes covering a wide range of geographic and biological variables, this study revealed a clear hierarchy of parameters that act in concert to regulate zooplankton richness. Overall, lake production measured as algal biomass was the major control of zooplankton richness; however, both total zooplankton biomass and fish community composition apparently contributed to zooplankton diversity. In addition, this study demonstrated that latitude and altitude frame the upper boundary of zooplankton species richness, possibly due to constraints imposed during colonization. Unexpectedly, lake size had a weak negative effect on species richness, even though the ability to identify precise controls of absolute species richness was only moderate (Ͼ50 % of variance in richness was unexplained). Additional comparative analyses to investigate this unexplained variance are currently in progress.
